Abstract: Sialidase-resistant ganglioside analogs having similar biological activities to natural gangliosides are expected to be important probes for clarifying the biological functions of gangliosides. Focusing on difluoromethylene-linked (CF 2 -linked) and methylene-linked (CH 2 -linked) α(2,3)sialylgalactose as a core structure of sialidase-resistant ganglioside mimics, we have developed novel, stereocontrolled, and efficient methodologies to synthesize C-sialosides based on Ireland-Claisen rearrangement. These methods were employed to synthesize CF 2 -linked GM4. The CF 2 -linked GM4 inhibited human sialidases NEU2 and NEU4 with IC 50 values of 754 and 930 µM, respectively, and strongly inhibited human lymphocyte proliferation in the same concentration range as natural GM4.
INTRODUCTION
α(2,3)Sialylgalactose structure is widely found at the nonreducing end of glycoproteins and glycolipids and is recognized as one of the most important units in carbohydrate molecules (Fig. 1) . Gangliosides (sialic acid-containing glycosphingolipids), which contain this structure, are known to be involved in intra-and intercellular cell signaling [1] . For example, GM3 binds to epidermal growth factor receptor (EGFR) and inhibits EGFR-dependent cell proliferation [2] . However, the physiological roles of other gangliosides are still not fully clarified, partly because the rapid metabolism of gangliosides makes biological research difficult. Four human sialidases (neuraminidases) have been found, and among them, Neu2, Neu3, and Neu4 cleave the glycosidic linkage of sialic acid in gangliosides [3] . Plasma membrane-associated sialidase Neu3 seems to play a critical role in cell proliferation, because it is upregulated in human cancer cells and tissues [4] . Neu3 hydrolyzes GM3 to lactosylceramide [5] , which is also biologically active [6] . Therefore, chemically and biologically stable ganglioside analogs would be very useful as probes for research to elucidate the roles of these gangliosides in normal and cancer cells. In this paper, we describe our recent design and synthesis of a sialidase-resistant α(2,3)sialylgalactose and a ganglioside molecule with a C-sialoside linkage.
DESIGN OF C-LINKED SIALYLGALACTOSE STRUCTURE
Carbohydrate molecules having an S-glycoside linkage, in which the oxygen atom of the glycosidic linkage is replaced by a sulfur atom, are known to be glycosidase-resistant, and several such ganglioside analogs have already been synthesized [7] . However, the chemical and biological stability of S-glycosides has not been fully clarified, and attention has been focused on C-glycosides because of their stability [8] . Therefore, we considered that C-glycoside analogs of α(2,3)sialylgalactose structure (C-sialoside) are particularly attractive candidate molecules as mimics of native O-sialoside. The electronic nature of the CH 2 group is different from that of oxygen, but the difluoromethylene group is now recognized as bioisosteric to oxygen [9] . In fact, α-difluorophosphonate derivatives are better nonhydrolyzable phosphate ester mimics than the corresponding phosphonate derivatives. These facts led us to design difluoromethylene-linked (CF 2 -linked) α(2,3)sialylgalactose and GM4 [CF 2 -sialoside 1 and CF 2 -linked GM4 (3), Fig. 2 ] as core structures for sialidase-resistant ganglioside mimics, because the α(2,3)sialylgalactose is a key structure of not only GM3 and GM4, but also most other gangliosides (Fig. 1) . We also planned to synthesize the simple CH 2 -linked α(2,3)sialylgalactose (CH 2 -sialoside 2, Fig. 2 
Reported syntheses of CF 2 -linked disaccharides
Recently, CF 2 -glycosides have been synthesized as nonhydrolyzable glycoside mimics [10] . Some methodologies have been reported for synthesis of CF 2 -linked disaccharide analogs (Scheme 1) [11] , as well as monosaccharide bearing a CF 2 R substituent at the anomeric position instead of an oxygen functionality [12] . The CF 2 -linked disaccharide analogs were first synthesized by Motherwell et al., who linked the difluoroenol ether on the furanoside derivative 4 with methyl α-D-glucose derivative 5 by means of nucleophilic radical coupling to give a CF 2 -linked disaccharide 6. Sinay et al. also reported intramolecular radical macrocyclization of the tethered furanoside derivative 7 and secondary iodide 8 to provide 9. Portella et al. developed a different strategy to construct the CF 2 -linked glycosidic linkage. Silylenol ether 11 was generated from acylsilane 10 by treatment with CF 3 TMS and Bu 4 NPh 3 SnF 2 , and then reaction with the glucal derivative 12 promoted by BF 3 ·OEt 2 afforded 13. Stereoselective synthesis of β-CF 2 -galactopyranoside (e.g., 17) was recently reported by Mootoo et al. They also synthesized CHF-linked analogs of a sialyl-Le X mimicking molecule based on their developed strategy, and discussed the effects of fluorine substitution on the biological activity and conformational properties of the CHF-glycosides [11e,13,14] . However, these established strategies for constructing CF 2 -glycosides are not applicable to synthesize CF 2 -sialoside, because C-sialoside has a tetra-substituted carbon center at C2.
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Scheme 1 Representative syntheses of CF 2 -linked disaccharide analogs. we first planned to convert 18 into 21, and ketone 20 was prepared from alcohol 18 (Scheme 1). Unfortunately, however, the desired product 21 could not be obtained under various conditions, presumably due to steric hindrance around C3". In fact, Linhardt et al. reported that all their attempts to remove the C3"-OH group were also unsuccessful [18] . Thus, a new strategy for synthesizing CF 2 -sialoside was required.
NOVEL STRATEGY FOR CONSTRUCTING C-SIALOSIDES
Synthetic plan for stereocontrolled synthesis of C-sialoside based on Ireland-Claisen rearrangement
As shown in Scheme 3, we planned to construct the key C2'-C3" bond via Ireland-Claisen rearrangement of the ester 25. We anticipated that rearrangement would occur from the α-face of the anomeric center (C2') through the chair-like transition state 24 after formation of the (Z)-silyl enolate. The resulting product 23 could be converted to the desired C-α(2,3)sialylgalactose unit 22 in a stereocontrolled manner. Moreover, this strategy should be applicable to the synthesis of not only both CH 2 -and CF 2 -sialoside, but also several other types of C-sialoside, including CHF-sialoside, because various substituents X in 26 could be prepared by one-carbon elongation from the galactose derivative. 
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Scheme 3 Retrosynthetic analysis of C-sialoside based on Ireland-Claisen rearrangement.
Scheme 4 Preparation of galactose moiety.
alkoxide with MPM occurred, and then deprotection of the MPM group with dichlorodicyano-p-benzoquinone (DDQ) gave 30. After oxidation of the 3-OH group with dimethyl sulfoxide (DMSO) and Ac 2 O, the desired ketone 31 was successfully synthesized. For the preparation of 34, we established another route. Triol 32 was synthesized via a three-step sequence without purification by column chromatography, i.e., acetonide protection of the 3,4-OH groups (a part of 6-OH was also protected as mixed acetal) of 28 by treatment with 2,2-dimethoxypropane (2,2-DMP) and camphorsulfonic acid (CSA), protection with TIPS, and removal of the protecting group on the 3,4,6-OH groups (although the 6-OH group was partially protected with TIPS, the 6-TIPS group was removed selectively under this condition). Selective protection of 4,6-OH groups with p-methoxybenzylidene acetal followed by oxidation gave 34 in good yield. The difluoromethylene group was successfully introduced by treatment with hexamethylphosphoric triamide (HMPT) and CF 2 Br 2 [19] to provide 35. Removal of the TIPS group afforded a galactose unit 36 in good yield. Simple methylene derivatives 39 and 40 were also prepared by olefination using Tebbe reagent and deprotection of the TIPS group. The precursors for the Ireland-Claisen rearrangement 41-44 were prepared by condensation of galactose derivatives 36, 39, and 40 with 27 (Scheme 5).
Ireland-Claisen rearrangement of 41 successfully proceeded at room temperature after treatment with lithium hexamethyldisilazide (LHMDS) and trimethylsilyl chloride (TMSCl) in tetrahydrofuran (THF) for 30 min [20] . After esterification with TMS-diazomethane, methyl ester 45 having a CF 2 -sialoside linkage was obtained as a sole product in 86 % yield (Scheme 6). Stereochemistry at C2' was determined to α, based on the strong heteronuclear multiple bond correlation (HMBC) between α3'-H and 1'-C. Ireland-Claisen rearrangement of 42 also proceeded under the same conditions, and the desired product 46␣ was obtained as the major product, but undesired isomer 46␤ was also formed (46␣:46␤ = 5:1, Scheme 6). In the course of optimization of the reaction temperature for rearrangement after formation of the silyl ketene acetal of 42, we found an interesting temperature dependency of this Ireland-Claisen rearrangement. When the reaction temperature was lowered to -20 °C, rearrangement proceeded slowly with low selectivity (1.8:1). In contrast, when the reaction was conducted at the reflux temperature of THF, the selectivity was greatly improved (10:1). Similarly, reaction of 43 also proceeded to give 47␣ and 47␤ in a ratio of 10:1. Further examination revealed that stereoselectivity was also influenced by the protecting group. Reaction of 4,6-unprotected 44 gave much better selectivity (48␣:48␤ = 15:1), and the desired product 48␣ was obtained in 82 % yield. 
SYNTHESIS OF C-LINKED ␣(2,3)-SIALYLGALACTOSE ANALOG
To achieve stereoselective introduction of an α-hydroxyl group at C2 and an α-hydrogen at C3 into the CF 2 -sialosides 45 and CH 2 -sialosides 48, transformation to conformationally fixed lactone 49 was required. Synthesis of 49 from 45 and 48 was performed via a four-step sequence, removal of the 4,6-protecting group, protection of the 6-OH group with TBSCl, saponification of methyl ester, and lactone formation (Scheme 7). Unfortunately, hydroboration of 49F and 49H with BH 3 or epoxidation of 49F with dimethyldioxirane was unsuccessful, so we envisaged the transformation of 49 to diol 50. However, dihydroxylation of 49F with a catalytic amount of OsO 4 in the presence of N-methylmorpholine N-oxide (NMO) also failed, suggesting low reactivity of 2,3-olefin on the galactose ring. After several examinations, we were pleased to find that dihydroxylation of 49 using a stoichiometric amount of OsO 4 in pyridine proceeded in a completely stereoselective manner to afford the desired diol 50. To remove the extra hydroxyl group at C-3, cyclic thiocarbonate 51 was prepared by the treatment of 50 with thiophosgene. Regio-and stereoselective deoxygenation was achieved by using the azobisisobutyronitrile (AIBN) and Bu 3 SnH system to give 52 as a single isomer [21] . Hydrogenolysis of the four BOM groups, together with removal of the TBS group, afforded the key 4-methoxyphenyl C-linked α(2,3)sialylgalactose lactone unit 53. As shown in Scheme 7, these procedures are applicable for synthesis of both CF 2 -and CH 2 -linked α(2,3)sialylgalactose units. The stereochemical assignment of the newly formed chiral carbon centers (C2', C2, and C3) was confirmed by X-ray crystallographic analysis of 53 (Fig. 3) [22, 23] . 
SYNTHESIS OF CF 2 -LINKED GANGLIOSIDE GM4 ANALOG AND PRELIMINARY EXAMINATION OF BIOLOGICAL ACTIVITY
To investigate whether or not C-sialoside could act as a mimic of O-sialoside, we envisaged the preparation of a ganglioside analog with a C-sialoside linkage by using C-linked α(2,3)sialylgalactose as an intermediate. Because the C-linked ganglioside analog should act as a sialidase-resistant ganglioside, it was expected that this analog would inhibit human sialidase [24] . Since Ladisch et al. reported that natural and chemically synthesized GM3 and GM4 inhibited the tetanus toxoid-induced proliferation of human lymphocytes [25] , we also examined the activity of C-linked ganglioside analog on lymphoproliferation.
M. SODEOKA et al. 
Synthesis of glycosyl donor and glycosylation with ceramide
We planned to transform the CF 2 -linked sialylgalactose unit 53F to CF 2 -linked GM4 (3). After acetylation of all hydroxyl groups, the MP group at the anomeric position was converted to trichloroacetoimidate to give a glycosyl donor 55 (Scheme 8). Glycosylation of 55 with the ceramide derivative 56 [26] was carried out in the presence of TfOH in CH 2 Cl 2 . Finally, synthesis of 3 was completed by methanolysis and hydrolysis. To our knowledge, this is the first synthesis of a ganglioside analog containing a CF 2 -sialoside linkage [22] .
Inhibitory activity on human sialidase and on human lymphocyte proliferation
Among the mammalian sialidases (NEU1 ~ NEU4), NEU2, NEU3, and NEU4 but not NEU1 cleave the glycosidic linkage of sialic acid in ganglioside. CF 2 -linked GM4 (3) inhibited NEU2 and NEU4 with IC 50 values of 754 and 930 µM, respectively. NEU3 was also inhibited by 3, though very weakly. In contrast, the activity of NEU1 was not inhibited by 3 at all. It is not clear why the inhibition of NEU3 by 3 was much weaker than that of NEU2 and NEU4, even though all three sialidases hydrolyze gangliosides. A preliminary study indicated that 3 strongly inhibited human lymphocyte proliferation in the same concentration range as natural GM4 [22] . These results suggest that CF 2 -sialoside can indeed act as a mimic of O-sialoside.
CONCLUSION
We have described a novel methodology for synthesis of C-sialoside based on Ireland-Claisen rearrangement. This methodology enabled us to construct CF 2 -linked α(2,3)sialylgalactose and ganglioside GM4 with excellent stereoselectivity. The CF 2 -linked ganglioside GM4 analog showed similar biological properties to natural GM4, indicating that the CF 2 -linkage can act as a bioisoster to O-glycoside. We also succeeded in synthesizing an electronically different CH 2 -linked α(2,3)sialylgalactose unit by using the same strategy. Moreover, we found a unique temperature dependence of the stereoselectivity of the Ireland-Claisen rearrangement in the construction of CH 2 -sialoside.
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Scheme 8 Synthesis of CF 2 -linked GM4 (3).
